A biologically inspired control approach for reducing vibrations in distributed elastic systems has been derived and experimentally verified for narrow-band excitation. The control paradigm approximates natural biological systems for initiating movement, in that a low number of signals are sent from an advanced, centralized controller (analogous to the motor cortex of the brain) and are then distributed by local simple rules to multiple control actuators (analogous to muscle fiber). Both theoretical and experimental investigations of three different local rules were carried out including a stability analysis for reducing beam vibrations. In general the results have demonstrated that the biological control approach has the potential to control multimodal response in distributed elastic systems using an array of many actuators with a reduced order main controller. Thus significant reductions in control system computational complexity have been realized by this approach. ¸
INTRODUCTION
Recent work has demonstrated the potential of active control of distributed elastic systems using multiple, independent actuators and sensors. In work concerned with the control of sound radiation from vibrating panels, the importance of the number of control channels and optimization of the transducer position and shape has been demonstrated. 1 However, these investigations were carded out for a fixed frequency and it is apparent that for good control over a bandwidth of frequencies, the control actuators and sensors need to be adaptive in shape. At first sight this problem could be solved using an overall transducer broken up into many individual small elements each connected by an individual control channel. In this situation the control transducer would effectively reoptimize its configuration for different conditions by adaptively weighting each transducer segment.
Meirovitch and Norris 2 have demonstrated the advantage of
such an approach by considering fully distributed control in reducing control spillover. The disadvantage of this approach is that, for systems with a high modal density, the number of actuators and sensors required becomes extremely large. A high number of control channels has a number of problems mainly associated with memory requirements and computational time in the hardware systems used to implement the control. In addition, collinearity of transducer transfer functions causes stability problems in systems with a high number of transducers.
A new approach of controlling distributed elastic systems is presented. The approach is inspired by the hierarchy of biological natural systems when initiating movement. A simplified model can be stated as follows: 3 A movement signal originates in a single motor neuron in the motor cortex of the brain. This signal is transmitted along an axon to diverging neuronal circuits in the spinal cord which thereby excites multiple anterior motor neurons. The signal from each of the anterior motor neurons stimulates more diverging neuronal circuits which are connected to multiple muscle fibers. In concept, a signal for movement is generated in the motor cortex of the brain and is distributed by external diverging neuronal circuits to multiple muscle fibers.
This paper details a biologically inspired (BIO) control
approach, where a centralized processor generates a control signal (analogous to the motor cortex of the brain) which is distributed by local simple rules (analogous to diverging neuronal circuits) to multiple control actuators (analogous to muscle fibers). The plant to be controlled is a distributed elastic system that is harmonically excited and controlled by multiple control inputs. As seen in Fig. 1 , the BIO control approach has one control input chosen as the "master" which is under direction of the centralized controller. The other "slave" inputs derive their control laws by localized, simple rules related to the behavior of their neighbor actuators and are proportional to the centralized controller direct signal. Note that this approach has been previously studied in a limited analytical investigation 4 and experimentally verified. 5 This type of control system is related to a hierarchical control approach, which is summarized as follows: The main objective of the hierarchical control system is shared by all levels. Decentralized decision making units exist at all levels due to the complexity of the main control objective, and limited information handling capabilities of each unit. Also, several of these units can operate in parallel. 6 One can see proach from formal hierarchical control the approach was named "a biologically inspired" controller. 4
In this paper, the theory is developed for the master control input and two local control approaches, the "phase variation" and "optimal distribution" methods, followed by a stability analysis. The control approach is then analytically applied to a beam, where a third local control method is developed, the "moment distribution" method. An experimental investigation to conyrol beam vibration is presented including a comparison between theoretical and experimental control performande. Concluding remarks are then presented.
I. THEORY
The control system theory is developed for the biologically inspired controller, with an emphasis on the effects of driving multiple actuators with one main control channel. To gain insight on multiple actuator-single-channel control system performance, a frequency domain LMS algorithm was used to derive the control theory since it incorporates the control path transfer functions into the update equation. First, the master control input is analyzed, followed by the addition of the phase variation method. Since the optimal and moment distribution methods have the same structure, only the optimal distribution will be analyzed.
A. Master control input
The control system analysis for the master actuator is a frequency domain analysis for a single output adaptive feedforward LMS control system, following Widrow and 
where H denotes the control loop transfer function, w is the output of the complex adaptive filter, and coo is the excitation frequency. The system is assumed to be steady state and the disturbance is assumed to be single frequency harmonic; therefore the dependence of the variables on coo will be dropped for convenience. 
From the standard gradient descent technique, the update equation for the adaptive filter at iteration k is written as
where/• is the convergence coefficient and Vk is the gradient of the mean-square error performance surface. However, the gradient can be defined as 
In traditional MIMO adaptive feedforward control, the adaptive filter would be represented by the complex vector w, having a number of elements equal to the number of control channels (degrees of freedom). In theory, the number of error sensors (e) would have to be greater than or equal to the number of control sources, and the control loop transfer function (H) would be a matrix. In the biologically inspired controller, the adaptive filter (w) for the master control channel remains a single output complex quantity, with the additional degrees of freedom implemented downstream of the update equation through the use of local control approaches. Note that we have not discussed a procedure for choosing the particular actuator to which the master signal is to be applied. This could be achieved, for example, by a simple search scheme.
B. Local control approaches
Once the master control channel is updated, the control inputs to the slave channels are derived using local rules. Two local rules are first analyzed, the phase variation and the optimal distribution methods. The phase variation method varies the phase of the master control input, while holding the magnitude constant, and applies this control input to the slave control paths. The optimal distribution allows both the magnitude and phase of the master control input to be varied in application to the slave control paths, and is derived offline from linear quadratic optimal control theory.
Mathematically, the local control approach can be expressed as complex gains (3') applied to the master control channel to determine the control inputs applied to the slave control paths. Note that the method of determining these gains is not limited to the above methods, but could also include experimental, neural network, and genetic algorithm methods.
Phase variation
The following approach for a local rule is based on the observation that, for a distributed elastic system with little damping, the phase between two arbitrary points on the structure will be close to 0 (in phase) or rr (out of phase).
Thus the local approach is to take the optimal master control input, vary the phase, and apply it to a slave control path. Figure 3 shows the schematic for the phase variation control system. Using the traditional adaptive feedforward control system schematic (seen in Fig. 2 ) as a baseline, note that I-I] is now defined as the master control path. Also, note the addition of the slave control paths I-I 2 to H e , along with gains 3'2 to yt, where P is the total number of control paths.
The phase variation algorithm is defined as follows. With the master control input locked at its optimal value, the slave control input is varied in phase (3, = + 1), out of phase (3, =-1) or turned off (y=0) while the cost function J is observed for each change. The condition that results in the lowest cost function is kept and the process is then applied to the next slave control path until all slave control paths are progressively tested. Note that the sequence of activating the slave paths is not defined, and the control performance depends on this sequence accordingly. By this method, a distributed actuator with a generalized function that drives a response similar to the uncontrolled vibration distribution with low control spillover is constructed. Note that the pre- vious process is suboptimal as are many biological systems. However, it is believed that good control performance will still be obtained.
Since the master control channel is allowed to converge to an optimal value before the application of the phase variation algorithm, the update for the adaptive filter remains the same as the single output case,
where H 1 denotes the master control channel transfer function.
Optimal distribution
The optimal distribution local rule was solved a priori and was developed from MIMO linear quadratic optimal control theory. Essentially the measured or calculated control path transfer functions between the actuators and sensors are used to calculate the theoretical optimal gains. These gains are then scaled relative to the master channel. The weights of the adapative filter of the master channel can then be adapted to minimize the cost function and simultaneously the slave control signals will be derived by proportion. Written in terms of gains applied to the slave actuators (3') and the master control channel adaptive filter (w), this forms a sys- 
The update equation can now be written in terms of the principle coordinates of the error surface: 
Therefore upper bound of the convergence parameter (if) is limited by the maximum eigenvalue (kmax).
Phase variation
As detailed above, the phase variation method is invoked after the master control input has converged to an optimal value. While the master control input is converging, stability bounds are determined by the above analysis for the master control adaptive filter (w) which is continuous and has no bound. Since the adaptive gains (y) and slave control inputs have no influence on the master control input, the convergence parameter (if) is limited by the maximum eigenvalue (kmax), which is derived from the master control input transfer function (H0.
Once the phase variation method is invoked, the adaptive filter (w) is locked at its optimal value. The phase varia• tion method then applies the optimal filter from the master channel to the slave channels operated on by a discrete and bounded gain (y) which must have the value -1, 0, or + 1.
By ;definition, bounded gains must be stable; therefore the phase variation method is stable. By definition, the matrix QAQ h is symmetric and has a orthonormal set of eigenvectors. Also, the matrix must have positive eigenvalues since it is a physical system. From these facts, it is evident that the addition of other control inputs will increase the largest eigenvalue in the matrix, therefore decreasing the upper bound on the convergence parameter
Optimal distribution

(/x). It is app•ent that the detersnation of the convergence p•ameter for the optimal distribution is case specific and depends on the values of the adaptive gains (y) and the master and slave control paths (H 1 through He).
II. ANALYTICAL APPLICATION TO VIBRATION CONTROL
The biologically inspired control theory is specialized to a specific case of a 1-D distributed elastic system (a beam) with simply supported boundary conditions. The disturbance is provided by a point force that excites the system harmonically and narrow band, where the control inputs are provided by piezoelectric actuators. Certain specifics relevant to this application are presented including a new local rule (moment distribution) and details required for the stability analysis. tant observation was that the optimal distribution is independent of frequency. This phenomenon is discussed in the following paragraph. In the Introduction, the advantages of fully distributed control were discussed. Another way to look at this control mechanism is as follows: A harmonic disturbance sets up a disturbance field (i.e., a displacement or moment distribution) in the structure. To achieve total control, the control actuators must exactly recreate that disturbance field, but out of phase. Two examples are given. Example 1 is where the disturbance and the control actuator are both point forces and colocated on the structure. By definition of colocation, the disturbance and the control actuator set up the same field in the structure (whether that is a displacement, shear, or moment field). The control amplitude is the disturbance amplitude and the control phase is 180 deg relative to the disturbance phase. The optimal adaptive filter [defined in Eq. (4)] is -1 and therefore the control input is independent of frequency. Example 2 is where the disturbance and control actuators impart different fields into the structure and are not colocated. The disturbance is a point force and the control actuator imparts a fully distributed moment in the structure. Since the control actuator is fully distributed over the structure, it is able to fully recreate the disturbance moment field and therefore the disturbance displacement field (the displacement field is the second integral of the moment field).
As in example 1, the control amplitude is proportional to the disturbance amplitude and the control phase is 180 relative to the disturbance phase and therefore the control input is independent of frequency. The important concept is that the control field must emulate the disturbance field, whether it is a displacement, moment, or acoustic field. How close the control field is to the disturbance field determines the maximum attainable amount of control. For an arbitrary disturbance, a fully distributed actuator will achieve the best control. 2 Due to the above discussion, it is evident that for the optimal and moment distributions to be independent of frequency, the control actuators must approximate a fully distributed actuator. Also, the disturbance must be fixed spatially and it should also be noted that the distributions are disturbance dependent.
Moment distribution
As a simplification of the above local rule, the moment distribution method was devised and based on the internal beam moment, which is zero at the boundary and linear to . 6 . Note the slight variations in the moment distribution as compared to the optimal distribution. These discrepancies are due to the finite number of actuators used in the calculation of the optimal distribution. It should be noted that as the number of actuators increases, the optimal distribution will approach the moment distribution. One disadvantage of the optimal and moment distributions are that the distributions are determined a priori, which results in a decrease in the adaptability of the controller (a change in the disturbance spatially will render the distribution nonoptimal). However, this local control approach provides the best possible attenuation for a specific number of control channels and can be applied wherever there is a spatially fixed disturbance and the main controller adapts primarily to changes in frequency.
B. Stability
It was previously determined that the maximum convergence parameter for stability would be less for the BIO controller using the optimal distribution than for a single output control system. It was also noticed that the determination of the convergence parameter was case specific and depends on Therefore when applied to a physical system, the frequency domain controller and the TAG LMS controller will converge to the same optimal adaptive filter (Wopt) and stability bounds are comparable. Again referring to Fig. 7 , the BIO control algorithm is discussed. For the "master channel only" case, the adaptive gains (y) were set to zero, rendering the control algorithm as a single output system. For the phase variation method, the master channel was allowed to converge, then the FIR filter was locked at its optimum value. The master channel FIR filter coefficients were applied to the slave control channel, one by one, alternating left then fight of the master control channel (this progression was earlier determined to provide the best performance). The filter coefficients were tried in phase (y= + 1), out of phase (y=-l), or turned off (y=0) while the cost function (J) was observed for each change. The gain (y) that resulted in the lowest cost function was kept, the cost function was measured, and the process was applied to the next slave control channel until all slave control paths were progressively tested. Table I . A top front view photograph of the experimental setup is shown in Fig. 8, which shows the test beam mounted on a rig with shims (which allowed rotation of the boundary, but little transverse displacement) in order to approximate simply supported boundary conditions. Harmonic, narrow-band excitation was provided by an approximation of a point force through a shaker mounted at 0.051 m. Experiments were performed at a variety of on-and off-resonance excitation frequencies; however, for brevity, detailed results are only presented for the excitation frequencies of 400 and 604 Hz. As seen in Table II, 
Controller convergence
In the above analysis section, it was predicted that the maximum convergence parameter (/amax) for a stable single output system would be greater than the maximum convergence parameter (/amax) for a stable BIO controller using the optimal (or moment) distribution. Experiments were performed to verify this trend.
To determine the maximum convergence parameter, the control program was run with the convergence parameter set at different values. The program was allowed to continue until it was determined to be unstable, marginally stable, or stable. The maximum convergence parameter was defined as the largest value that resulted in a stable system.
To determine the stability of the system, the variation in cost function was determined, which was defined as differ- 
C. Experimental procedure
Several different test cases were performed including off-resonance and on-resonance frequency excitation for the master control channel only case and all of the local rules. However, the experimental procedure for a set of tests was the same and is detailed by performance metric (i.e., controller performance and controller convergence).
Controller performance
The experimental procedure for the master and phase variation test case was as follows: First, the disturbance was turned on. The control program was initialized: the convergence parameter (/x) was set at approximately 0.01, the master control actuator was chosen, and the sampling frequency was set at approximately 10X the excitation frequency. The uncontrolled elastic system out-of-plane vibrational velocity was then measured using the laser vibrometer, and the uncontrolled cost function was measured. After the invocation of the control algorithm, the master control channel was allowed to converge; then the cost function and the elastic system vibration were measured for the master case. The phase variation algorithm was invoked, and after completion, the cost function and the elastic system vibration was measured for the phase variation case. The controller was then turned off.
For the other local rules (the optimal and moment distributions), the disturbance was set at approximately the same level. The control program were initialized: the convergence parameter (/x) was set at approximately 0.01, the master control channel was set to the desired value, and the sampling frequency was set at 10Xthe excitation frequency. The uncontrolled elastic system vibration and cost function were then measured. After the controller was invoked and allowed to converge, the elastic system vibration and cost function were measured for the controlled case.
Controller convergence
The experimental procedure for the controller convergence test was as follows. The program was initialized: the step size, the master actuator, and the sampling frequency were set to desired values. The uncontrolled cost function was recorded; then the control algorithm was invoked. While recording the cost functions at each iteration, the algorithm was allowed to continue until it was determined to be unstable, marginally stable, or stable.
IV. RESULTS
An extensive investigation was performed for the BIO controller applied to vibration control; however, for brevity, only select results are presented. It should be noted that the results presented are indicative of the overall trends observed, and in general, the stated conclusions apply to all the results attained.
A. Selection of master actuator
Analytical models were run to assess the influence of the selection of the master actuator on the phase variation performance. Analytical cases were run at a frequency of 400 Hz with each PZT actuator chosen as the master actuator for use in the phase variation algorithm. Table IV shows the performance of the master actuator, the increase in performance due to the phase variation method, and the control string. The control string of the phase variation method denotes the final implementation of the slave control channels, where 0 indicates off, ß indicates the master control channel (which is by definition in phase), + indicates channels implemented in phase, and -indicates channels implemented out of phase.
As can be seen in Table IV , the final control performance varied greatly with the choice of master actuator from a low of 0.0 dB for actuators 4 and 8 to a high of 9.8 dB for actuator 2. It is evident that the good performance of actuator bance and actuator is not representative of real control situations, nor is it a true test of distributed control performance. The increase in control performance achieved with the addition of the phase variation method varied from a low of 0 to a high of 6.8 dB, seen in Table IV . Note that for several choices of master actuator, the phase variation method performance increase was less than 3 dB. This was attributed to the limited degrees of freedom associated with fixing the magnitude and varying the phase, as dictated by the phase variation method.
Using the results of Table IV, actuator 7 was chosen to be the master actuator since that actuator best exhibited the capabilities of the phase variation method and had marginal control performance by itself.
B. Controller performance
In this section, the relative control performance for control with the master actuator only (referred to as master) with the local rules of the phase variation, the optimal distribution, and the moment distribution methods are compared. For these experiments, the excitation frequency was 400 Hz, the master channel was actuator 7, and the sampling frequency was 4000 Hz. Theoretical and experimental controller performance seen in Table II, Table V , Fig. 9, and Fig. 10 show the same trends and similar magnitudes; therefore only the experimental results will be discussed. Table V, actuator formed by the optimal distribution method was able to couple effectively into all uncontrolled modes of the beam with no control spillover. The moment distribution, which was an approximation of the optimal distribution, exhibited slightly poorer control performance than the optimal distribution, as expected. As seen in Table V , control performance was still quite good at 23.6 dB. The modal decomposition of beam vibrational response, seen in Fig. 11 , shows the same general reduction in modes as the optimal distribution with total reductions in all excited modes. Although the distributed actuator formed by the moment distribution was able to effectively couple into all the uncontrolled modes of the beam, the slight differences due to the approximation (of the optimal distribution) resulted in slightly less reduction of the excited modes.
As seen in
It was stated earlier that the distributed actuator formed by the optimal and moment distributions was independent of frequency. Tests performed over a wide range of test frequencies and configurations indicated that the optimal distribution provided approximately 24 dB of attenuation for offresonance harmonic excitation. Th• moment distribution provided slightly less attenuation of approximately 23 dB. It is evident from the exemplary performance over a wide range of test parameters that the optimal and moment distributions are frequency independent. Note that the disturbance must be fixed spatially and the distribution is disturbance dependent.
C. Controller convergence and stability
In the previous analysis, it was determined that the maximum convergence parameter (/.truax) for a stable single output system would be greater than the maximum convergence parameter (/.truax) for a stable B IO controller using the optimal (or moment) distribution. This is due to the additional control inputs of the optimal (or moment) distribution.
Experiments were run to determine the maximum convergence parameter that could be used for a stable system for the master case and the optimal distribution. For these tests, the system was excited at 604 Hz, the master channel was actuator 7, and the sampling period was 6000 Hz. convergence parameter approaches the maximum value for stability, the control system exhibits a "characteristic oscillatory behavior," which is consistent with the definition of the marginally stable system in this paper. For vibration control, comparisons with a theoretical analysis showed good agreement of the performance trends.
Performance of the various methods decreased vibration levels in a simply supported beam by up to 25 dB for offresonance harmonic excitation for a single main channel of control. Also, the distributed actuator formed by the optimal and moment distributions was verified to be independent of frequency over a wide range of test frequencies and configurations. Stability bounds for the controller were shown to be predictable and the predicted trend of decreasing maximum convergence parameter (for stability) with the additional control inputs of the BIO controller was verified.
In general the results demonstrated the biological control approach has the potential to control multimodal response in distributed elastic systems using an array of actuators with a reduced order controller. Thus significant reductions in control system computational complexity have been realized by this approach. Future work will concentrate on additional local rules and theoretical application to radiated sound power control of 2-D distributed elastic systems.
